Lattice dynamics and the electron-phonon interaction in Ca2Ru04 
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We present a Raman scattering study of Ca2Ru04, in which we investigate the temperature- 
dependence of the lattice dynamics and the electron-phonon interaction below the metal-insulator 
transition temperature (Tmi). Raman spectra obtained in a backscattering geometry with light 
polarized in the ab-plane reveal 9 Big phonon modes (140, 215, 265, 269, 292, 388, 459, 534, and 
683 cm"^) and 9Ag phonon modes (126, 192, 204, 251, 304, 322, 356, 395, and 607 cm"^) for the 
orthorhombic crystal structure (Pbca— D2I). With increasing temperature toward Tmi, the observed 
phonon modes shift to lower energies and exhibit reduced spectral weights, reflecting structural 
changes associated with the elongation of the RuOg octahedra. Interestingly, the phonons exhibit 
significant increases in linewidths and asymmetries for T > Tn . These results indicate that there is 
an increase in the effective number of electrons and the electron-phonon interaction strengths as the 
temperature is raised through Tk, suggesting the presence of orbital fluctuations in the temperature 
regime Tn < T < Tmi. 

PACS numbers: 75.30.-m, 75.50.Ee, 78.30.-j, 71.30.-fh 
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I. INTRODUCTION 



Like many other transition-metal oxides that ex- 
hibit strong correlations among spin, charge, orbital, 
and lattice degrees of freedom, Ca2^a;Sra;Ru04 ex- 
hibits many exotic phenomena throughout its rich phase 
diagrami-^i^i'^i'^i^i^i''i^i^d°d^ For instance, not only do 
the ruthenates exhibit orbital ordering f^&L^, but also 
orbital-dependent superconductivity, heavy-mass Fermi 
liquid behavior, and metal-insulator transitionsi2i4 

The single-layer ruthenate material Sr2Ru04 is a su- 
perconductor below Tc = 1.5 K, possibly with an uncon- 
ventional p-wave pairing state. Substitution of Ca for 
Sr significantly distorts the lattice structure and lowers 
the crystal symmetry from cubic to orthorhombic, giving 
rise to remarkable changes in magnetic, electronic, and 
structural properties iSi^ii^ The ground state of Ca2Ru04 
is antiferromagnetic (AF) insulatingii^ii^ With increas- 
ing temperature, Ca2Ru04 becomes paramagnetic (PM) 
insulating at Tn = 113 K and then PM metallic at Tmi 
= 357 The metal-insulator (MI) transition is 

first-order, as evidenced by the observation of thermal 
hysteresis. Further, the transition is driven by an elonga- 
tion of the RuOe octahedra with increasing temperature 
through Tmi, and therefore the insulating and metal- 
lic states are characterized by short (S-Pbca) and long 
(L-Pbca) c-axis lattice parameters, respectivelyii^iii As 
a function of Sr-substitution, x, the AF ground state 
of Ca2-a;Sr2;Ru04 persists for x < 0.2. Sr substitution 
changes both Tn and Tmi, and significantly affects mag- 
netic, electronic, orbital, and structural correlations in 
this material. For instance, Raman scattering results ob- 
tained on Ca2-2:Sr2:Ru04 have shown that Sr substitu- 
tion causes a dramatic increase in the renormalization of 



the two-magnon (2M) energy and linewidth, and an in- 
crease of the electron-phonon interaction strength.^" Ra- 
man scattering measurements further suggest that the 
exchange coupling constant J in Ca2-a;Sr3^Ru04 is rela- 
tively insensitive to pressureS^ and Sr content^ 

Other complex oxides are known to exhibit signifi- 
cant changes in phonon dynamics near important phase 
transitions. For example, Lao.rCao.sMnOa displays a 
significant shift of the transverse optical phonon en- 
ergy near the MI transition, giving rise to an increased 
electron-phonon interaction related to changes in the lat- 
tice parametersJ^ Raman studies of LaMnOs reveal an 
effect of the spin-lattice interaction near the transition to 
AF order In La2-xSr2:Cu04, an increase of Sr concen- 
tration causes the appearance of an asymmetric phonon 
lineshape and a dramatic decrease of the phonon inten- 
sity associated with the apical oxygen vibration, indicat- 
ing that the electron-phonon interaction is also impor- 
tant in this material.^" Inelastic neutron scattering and 
x-ray scattering studies have suggested the presence of or- 
bital fluctuations in LaTiOs,^ As described in Ref. 21, 
an electronic continuum and anomalous phonon behav- 
ior with a Fano profile observed in the Raman response 
of i?Ti03 (iZ=rare earth)^ may also indicate the pres- 
ence of orbital fluctuations in the insulating region of 
this system. Therefore, it is of great interest to study 
how spin, charge, orbital, and lattice correlations evolve 
in Ca2Ru04 through different phase transitions, partic- 
ularly as a means of comparing the exotic properties 
of this system to those of complex oxides such as the 
cuprates, manganites, and titanates. In this paper, we 
use the unique strengths of Raman scattering to explore 
lattice dynamics and the electron-phonon interaction in 
Ca2Ru04 as a function of temperature between 10 K and 
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TABLE I: Site symmetries and IR's of the atoms in Ca2Ru04 with space group Pbca— D2;^. Mode classifications are: rRaman 
= 9 (Ag + Big + B2g + Bsg), Finfrarcd = H (Bi„ + B2ti + Bsu), Faiient = 12 A„ , and Facoustic = Bi„ + B2u + Bsu . The 
corresponding polarization tensor elements for each of the Raman-active factor group species are: Ag a^x, ciyy, ctzz', Big 

O-xy, Oyx; ^2g ^ Oxz, Ozx', aud Bsg — > Oy^, Q^y. 



Atom Site symmetry IR's 

Ru C^ 3 (A„ +Bl„ + Bin + B-iu) 

Ca Ci 3 (Ag + Big + B2g + Bag + A„ +Bi„ + B2u + Bsu) 

0(1) Ci 3 (Ag + Big + B2g + Bag + A„ +Bi„ + B2„ + Bg^) 

0(2) Ci 3 (Ag + Big + B2g + Bag + A„ +Bi„ + B2„ + B^u) 



300 K. 



II. EXPERIMENT 

A single-crystal sample of Ca2Ru04, which was grown 
by a floating-zone methodtSiiSiS^ was mounted inside a 
continuous He-flow cryostat. The 647.1-nm excitation 
wavelength from a Kr-ion laser was used in a backscat- 
tering geometry with the propagation vector (k) oriented 
along the c axis of the sample, k || c-axis. Scattered 
light from the sample was dispersed using a triple-stage 
spectrometer, and then recorded using a liquid-nitrogen- 
cooled charge-coupled device (CCD) detector. Various 
polarization configurations of the incident and scattered 
light were employed in order to identify the scattering 
symmetries of the Raman spectra obtained for Ca2Ru04: 
(Ei, E,.) = (x, y). Big symmetry; (E,, E^) = (x, x), Ag 
symmetry; and (E;, E^) = (x', x'). Big + Ag symme- 
try, where E^ and Eg are the incident and the scattered 
polarization directions, respectively. Big and Ag are ir- 
reducible representations (IR's) of the space group D2/1, 
and X II [1,0,0], y || [0,1,0], and x' || [1,1,0]. AU the Raman 
spectra were corrected, first, by removing the CCD dark 
current response, and second, by normalizing the spec- 
trometer response using a calibrated white light source. 
Finally, the corrected spectra were divided by the Bose 
thermal factor, giving rise to the spectral responses dis- 
played in this paper. These responses are proportional 
to the imaginary part of the Raman susceptibility. 



III. RESULTS AND DISCUSSION 

Ca2Ru04 has an orthorhombic crystal structure (space 
group Pbca— D2I) with four formula units per unit cell. 
A factor-group analysis, summarized in Table I, yields a 
total of 81 F-point phonons, of which 36 [9 (Ag + Big 
+ B2g -l- Bag)] are Raman-active modes involving Ca, 
in-plane oxygen [0(1)], and apical oxygen [0(2)] ions, 33 
[ll(Bi„ 4- B2n + B3„)] are infrared-active modes, and 12 
(12 A„) are silent modes. The Ru ions are located at a 
center of inversion symmetry and, thus, do not partici- 
pate in any Raman-active phonon modes. Unlike tetrag- 
onal Sr2Ru04, in which 2 Aig and 2 Eg symmetry optical 
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FIG. 1: Polarized Raman spectra at T = 10 K with Big, 
Ag, and Big + Ag scattering symmetries from top to bot- 
tom, respectively. The inset shows a high-resolution Raman 
spectrum, indicating two resolved 265 and 269 cm~^ phonon 
modes. 



phonons are Raman-active, orthorhombic Ca2Ru04 ex- 
hibits numerous phonon lines. This reflects the fact that 
substitution of Ca for Sr strongly distorts the RuOe oc- 
tahedra, causing a rotation of the octahedra around the 
c axis, and a tilt of the octahedra around an axis on the 
Ru02 planeiiiii As shown in Fig. 1, polarized Raman 
spectra in a backscattering geometry (with the propaga- 
tion vector k || c-axis) reveal all of the phonon modes cor- 
responding to each of scattering symmetries: 9 Big sym- 
metry modes in (E^, E^) — (x, y), 9 Ag symmetry modes 
in (Ei, Es) — (x, x), and 9 Big -I- 9 Ag symmetry modes 
in (Ei, Es) ~ (x', x') polarization configurations, respec- 
tively. Note in the inset of Fig. 1 that the Big phonon 
peak energies assigned at 265 and 269 cm""'^ are clearly 
resolved in a high-resolution Raman spectrum. More spe- 
cific assignments of the observed optical phonons to par- 
ticular atomic normal modes will require lattice dynamic 
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FIG. 2: (a) Big and (b) Ag Raman spectra with increasing 
temperature from 10 K to room temperature. 



calculations. 

Figure 1 also shows a Raman-active mode at 102 cm^^ 
(denoted with an asterisk) that is observed only in the 
Big scattering geometry. This mode is likely associ- 
ated with a 2M scattering response, although we can- 
not completely rule out the possibility that it is a one- 
magnon excitation. The 2M scattering response, which 
involves a photon-induced flipping of spins on nearest- 
neighbor Ru sites, provides useful information concerning 
the AF correlations. ^■^''■^''■^^ Using the fact that the 2M 
energy for an S = 1 AF insulator is given by hui — 6.7 J,^^ 
where J is the in-plane exchange coupling constant be- 
tween nearest-neighbor Ru-4d'* sites, we can estimate J 
= 15.2 cm^^ in Ca2Ru04. With increasing tempera- 
ture toward Tn, as shown in Fig. 2(a), the 2M response 
weakens in intensity, broadens in linewidth, and shifts to 
lower energy, reflecting the reduction of the AF corre- 
lations in Ca2Ru04 as the temperature is increased to 
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FIG. 3: Temperature-dependent frequency shifts of Bi^ 
modes at (a) 140, (b) 215, (c) 388, (d) 459 cm-\ and of 
Ag modes at (e) 126 and (f) 607 cm'V 



Tn. Unlike the cuprates, the 2M scattering intensity in 
Ca2Ru04 diminishes rapidly above Tn, indicating that 
local AF order disappears for T > TW- More details of 
the 2M characteristics in Ca2_a;Sra;Ru04 have been de- 
scribed elsewhere, including the effects of pressureS. and 
Sr substitution»i^ 

With increasing temperature toward Tmi, the out-of- 
plane Ru-0(2) bond length is nearly unchanged for T 
< Tn, but gradually elongates as temperature is raised 
above T-^M^ In order to elucidate the temperature- 
dependence of the lattice parameters and the electron- 
phonon interaction below Tmi, both Big and Ag sym- 
metry Raman spectra from Ca2Ru04 were studied as a 
function of increasing temperature from 10 to 300 K, as 
summarized in Figs. 2(a) and 2(b). There are several 
key features observed in the Raman spectra as a func- 
tion of increasing temperature, including (i) a softening 
of all the Big and the Ag optical phonon energies, (ii) 
a decrease of phonon spectral weights, and (iii) a sig- 
nificant broadening and increased asymmetry of phonon 
lineshapes across Tn- 

The systematic shifts of phonon peaks to lower ener- 
gies with increasing temperature through Tn primarily 
reflect an elongation of the RuOe octahedra along the 
c axis. Figures 3(a) to 3(f) summarize the phonon en- 
ergy changes with increasing temperature for some rep- 
resentative Big (140, 215, 388, and 459 cm"^) and Ag 
(126 and 607 cm~^) optical phonon modes. The phonon- 
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energy shifts are negligible for T < Tn , indicating little or 
no change in the lattice parameters in this temperature 
regime. In contrast, remarkable phonon-energy shifts are 
observed for T > Tn- Most of phonon modes display 
downward shifts of 15 cm~^ as temperature is raised 
from 10 to 300 K. Interestingly, the Big phonon at 215 
cm~^ shows a much more dramatic energy shift of ^ 30 
cm""'^. These Raman results are consistent with neutron 
scattering measurements, which show that there is little 
change in the lattice parameters for T < T^, but that 
there is a significant change in the lattice parameters for 
7n < r ~ TmiJ^ All the other Big and Ag optical 
phonons decrease in energy with increasing temperature. 
Note that all the Big phonon modes exhibit a dramatic 
decrease in intensity as temperature is raised toward Tmi 
357 K ^ 3.2 Tn), possibly reflecting increased damp- 
ing of the modes by thermally activated carriers. 

One notes in Figs. 2(a) and 2(b) that the Big and 
the Ag phonon lineshapes at low temperatures for T < 
Tn are quite symmetric and narrow. In contrast, with in- 
creasing temperature through Tn , the phonon linewidths 
broaden significantly and the lineshapes become increas- 
ingly asymmetric. The latter reveals a Fano effect, 
caused by the interaction between the discrete phonon 
state and a broad electronic continuum of statesi2& 
Similar behavior has been observed in Raman spectra 
of numerous other strongly correlated materials such 
as Ca2-xSr^Ru04fia Lai-^^Ca^^MnOg^ CaaRuzOy^ 
Sr2Ru04ra and OTiOs {R = rare earth) .2^ 

To study the temperature-dependence of the 
electron-phonon interaction in Ca2Ru04 in detail, 
the temperature-dependence of the phonon linewidths 
and asymmetries of the Big and Ag phonon modes were 
extracted by fitting these modes to a Fano lineshape. 



= Io{q + e)V(l + e^), where 



(w - tJo)/r, 



u>o is the phonon energy, F is the effective phonon 
linewidth, and q is the asymmetry parameter. In this 
way, one obtains information on the electron-phonon 
interaction. The inverse of the asymmetry parameter, 
l/|g|, is proportional to the electron-phonon coupling 
strength V and the imaginary part of the electronic 
susceptibility p according to l/q ^ Vpi^i^^^ More- 
over, the electron-phonon coupling contribution to the 
phonon linewidth can be estimated from the fractional 
change in the phonon damping rate below Tmi, [r(r) 
- T{RT)]/uJo = Ar/wo (X N(0)u;oA, where N(0) is the 
electronic density of states at the Fermi surface, loq is 
the phonon energy, and A is the dimensionless electron- 
phonon coupling parameteri2Si^ii22 The parameter A is 
related to the BCS parameter N(0)Vp/i, where Yph is 
the pairing potential arising from the electron-phonon 
interactioniSiiSSiS Therefore, by carefully monitoring 
the phonon linewidths, as well as the inverse asymmetry 
parameters, as a function of temperature, one can 
obtain useful information regarding the evolution of 
the electronic density of states and the electron-phonon 
coupfing strengths in Ca2Ru04. 

The role of the electronic contribution to the system 
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FIG. 4: (a) Phonon linewidth changes divided by the corre- 
sponding phonon energy at T = 10 K, [r(r) - r{RT)]/uj{10 
K) = Ar/Lj(10 K), as a function of temperature normalized to 
Tn. (b) Magnitudes of inverse of the asymmetry parameters, 
l/|g|, as a function of temperature normalized to Tn. 



above Tn, which influences the substantial phonon en- 
ergy renormalizations observed above Tn, can be ex- 
plored by plotting as a function of temperature the 
phonon linewidth changes divided by the correspond- 
ing phonon energy at T = 10 K, Ar/w(10K). These 
plots are displayed in Fig. 4(a). Interestingly, in con- 
trast to the negligible change in phonon linewidths ob- 
served below Tn, there is significant broadening in the 
phonon linewidths above Tn. For example, the phonon 
linewidths at 300 K are significantly broader than those 
at 10 K, AF/wo ^ 5.3 %, which is even larger than the 
fractional broadening observed in the correlation gap ma- 
terial FeSi, AF/wo ~ 3.5 We attribute the system- 
atic broadening of the phonon linewidths with increasing 
temperature above Tn to an increase of the effective num- 
ber of electrons in the system for T > Tn . Indeed, Jung 
et al. recently reported that the effective number of elec- 
trons systematically increases, and the optical gap closes, 
with increasing temperature above Tn in Ca2Ru04i 
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The evolution of the electron-phonon interaction in 
Ca2Ru04 can be carefully illustrated by plotting the 
inverse of the asymmetry parameter, l/|(z|, for differ- 
ent modes as a function of temperature, as shown in 
Fig. 4(b). Note that the magnitudes of the inverse asym- 
metry parameters, l/|<z|, which are obtained from the 
representative Big and the Ag phonon modes, are neg- 
ligible at low temperatures, but increase significantly 
as temperature is raised through Tjy. Even when the 
temperature is much lower than the MI transition tem- 
perature, there is no additional increase of the inverse 
asymmetry parameters for T/Tn > ~ 1.2. These results 
strongly suggest that the largest increase in the electron- 
phonon coupling strength occurs near In, rather than 
near Tmi. By contrast, between x = 0.45 and 0.76 in 
Lai_2;Caa;Mn03, the l/\q\ value decreases linearly with 
increasing x in the ferromagnetic low-temperature metal- 
lic region (a; < 0.52), and vanishes in the AF region (for 
X > 0.52).^ Note also that the magnitudes of the inverse 
asymmetry parameters, l/lf?!, in the PM insulating re- 
gion of Ca2Ru04 for Tn < T < Tmi are comparable to 
those in the metallic region of Sr2Ru04 (Ref. 29) and 
Lai_^Caa;Mn03.2^ 

It is interesting to note that previous Raman results on 
Ca2-2:Sr2:Ru04 have revealed that substitution of Sr for 
Ca increases the electron-phonon coupling strength, as 
evidenced by an increase of both the inverse asymmetry 
parameters and the phonon linewidths with Sr substi- 
tution at T = 10 KtUI Moreover, for the Sr-substituted 
samples {x — 0.06 and 0.09), a charge gap observed at 10 
K was found to close well below the MI transition tem- 
perature, suggesting that the intermediate temperature 
regime between Tn and Tmi consists of a coexistence of 
insulating S-Pbca and metallic L-Pbca phases.^" In con- 
trast, in this study, the broadening of phonon linewidths 
and the increase of the l/\q\ values upon heating through 
Tn (<IC Tmi) in Ca2Ru04 are probably not attributable 
to the coexistence of metallic and insulating phases in 
this temperature regime for several reasons, including the 
high stoichiometry of the sample, and the absence of any 
residual low frequency conductivity in Ca2Ru04 in the 
temperature regime Tn < T < Tmii^ 

In Ca2Ru04, the observed increase in both the 
electron-phonon coupling strength and the number of 
effective carriers with increasing temperature near Tn 
strongly suggests that enhanced orbital fluctuations. 



which are associated with increased electron transfer be- 
tween the dxy and rfyz/zx orbitals, are responsible for the 
behavior observed in this temperature regime. Indeed, 
a recent O Is x-ray absorption spectroscopy study of 
Ca2-a:Sr2,Ru04 {x = 0.0 and 0.09) has suggested that or- 
bital fluctuations gradually increase upon heating even in 
the insulating region well below Tmi*24 Note that the in- 
verse asymmetry parameters and the spectral linewidths 
for the phonon mode near 300 cm^^ in the insulating 
i?Ti03 {R = Gd, Sm, Nd, Pr, Ce, La) exhibit the largest 
values in LaTiOa)^^ suggesting that orbital fluctuations 
are important in LaTiOa, as pointed out by Keimer et 
aiai 



IV. CONCLUSIONS 

In summary, temperature-dependent Raman spectra of 
Ca2Ru04 allow us to explore the lattice dynamics near 
the MI transition temperature of this system. With in- 
creasing temperature through the Neel temperature, the 
Big and the Ag phonon modes exhibit a substantial shift 
to lower energies. Moreover, the phonons significantly 
broaden and exhibit increasingly asymmetric lineshapes 
upon heating in the vicinity of Tn. These results demon- 
strate that both the electron-phonon coupling strength 
and the effective number of electrons increase as tem- 
perature is raised through Tn, suggesting that orbital 
fluctuations are present in the PM insulating region in 
the temperature regime Tn < T < Tmi. 
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